Analytical Method
Zircons were hand picked from mineral separates after crushing the rock samples and separating high-density minerals using heavy liquid. Grains were mounted in epoxy and polished to 1 μm using SiC abrasive papers. Then sample mounts were goldcoated for in situ analyses. The in situ analyses were performed on SIMS 1290 at UCLA. We developed a new analytical procedure to quantify the trace abundance of volatile elements in zircon. Great care has been taken to prevent contamination from the "gardening effect" (i.e., reworking of surface contamination into the sample volume) and to characterise appropriate standards with which to measure the relative sensitivity factor (RSF). The RSF is defined as the scaling factor that multiplies measured ion ratios to derive the true ratios of corresponding ion species. In this regard, the RSF of element x in zircon can be defined as the following equation, where the subscripts i X and j Si denote measured species of volatile species of interest X and Si, respectively, C and I indicate the true concentration and measured signal intensity on SIMS. RSF must be measured under the same conditions as the unknowns. To avoid any analytical artifact, the standard is required to be homogeneous on species of interest and matrix-matched with the unknowns. For major elements (e.g., Si), concentrations can be determined by electron microprobe methods. However, this method cannot be applied to trace elements due to the detection limits. To obtain the proper standard with known and homogeneous volatile species, we implanted two zircon mounts with known fluences of F or Cl as standards in preparation for SIMS depth profiling (Zinner and Walker, 1975; Leta and Morrison, 1980; Burnett et al., 2015; Steele et al., 2017) .
We selected 19 F and 37 Cl as implanted species. Except 19 F as the only nuclide of F, 37 Cl are the implanted isotope due to the lower background compared to 35 Cl in zircon. The similar RSF also makes it appropriate. The optimised implantation energy is estimated by simulating implanted ion distribution using the SRIM code (Ziegler, 2004) . Accordingly, the energy values of 19 F and 37 Cl implantation are set to be 100 keV and 190 keV, respectively, corresponding to the expected implant peaks appearing in ~170 nm and ~140 nm from the surface of zircon ( Fig. S-2) . The nominal implanted fluence of 19 F and 37 Cl is 1×10 14 cm -2 . Two Mud Tank zircon mounts were prepared for the individual implantation of 19 F and 37 Cl by a rastered beam at CuttingEdge Ions, Anaheim, California. The uncertainty of fluence is estimated to be ±10 % (communication with CuttingEdge Ions).
The implanted samples were analysed on the CAMECA ims 1290 ion microprobe at UCLA. Depth profiles were obtained in Mud Tank zircon mounts to estimate RSF. The implanted samples were sputtered with a 10 keV Cs + primary ion beam. The primary beam current was ~2 nA, rastered over a 50 μm × 50 μm area. A rectangular field aperture was applied to restrict transmitted ions to the center 10 μm × 10 μm area to get rid of any sidewall effect. Negative secondary ions were collected with the axial electron multiplier (EM) in peak jumping (mono-collection) mode with the mass sequence of 18.5, 19 F -, 30 Si -, 31 P -, 35 Cl -, and 37 Cl -. A mass resolving power of 6,000 was used to resolve interferences from the peaks of interest. The noise in the ion counting system is less than 10 -3 counts per second (cps), and data were corrected for a dead time of 60 ns. In addition, natural zircons were measured following the same procedure described above.
The implanted standards were sputtered through the peak of the profile until the signal decayed to a stable background (~1 hour). According to Steele et al. (2017) , the RSF of elements of interest relative to silicon in zircon can be determined using the following equation,
where 30 is calculated based on the density and molar mass of zircon, 30 is the intensity of 30 Si, AX is the integrated counts of implanted element of interest throughout the entire depth profile, and t is the time of the entire analysis. D is the total depth of the analysis which was estimated by using a Bruker DektakXT stylus profilometer at the Molecular Materials Research Center, Caltech. In this study, the RSF was measured once every day to confirm the stability of the instrument. The average values of the RSF were thereby determined to be 0.0366±0.0017 for F and 0.0331±0.0018 for Cl. 37 Cl from the measured 37 Cl count rate, in which the background 37 Cl was proportionally estimated from 35 Cl count rate. Regarding the background and surface contamination of 19 F in zircon, we estimated 19 F background by averaging 19 F count rate after 2,300s since no implanted element (F or Cl) can be detected after 2,300s. The surface contamination of 19 F cannot to eliminated by measuring its isotope. Thus, we collected the profile from the maximum 19 F count rate and simulated a half of the depth profile assuming that the implanted 19 F was normally distributed on the depth (Fig. S-3 ). Depth profiles of natural zircon samples were analysed on SIMS with the same approach. To avoid any potential surface contamination caused by the gardening effect, we only select the data collected after 2,300 s for data reduction (e.g., Fig S-4) . The halogen content can be calculated using the following equation,
and the uncertainty was propagated using:
In these equations,
represents the standard deviation of the average IX/I30Si ratio, is the uncertainty from RSF,
represents 30 Si content in zircon (0.51wt%), and is the relative abundance of 19 F or 35 Cl in the corresponding elements (we assume that RSFCl/Si = RSF37Cl/30Si = RSF35Cl/30Si).
We determined the detection limit of F and Cl by measuring synthetic zircons which were grown under volatile-free conditions. The synthetic zircons display the lowest F and Cl concentrations, which are conservatively assumed to be our baseline values for F and Cl. As shown in Figure S -5, the baseline values decrease slightly from day 1 to day 2 and become indistinguishable from day 2, after which the measurement of unknown zircons started. The baseline values of F and Cl were thereby determined to be 0.78±0.07 μg/g and 0.12±0.02 μg/g, respectively.
The presence of cracks and inclusions can significantly result in the overestimated halogen abundances. Thus, we carefully identified any cracks/inclusions in SEM at high magnification and only selected the data for which no crack or inclusion was found. Representative BSE and secondary electron images are shown in Figure S -6. Trace elements (including REE, Hf, Th and U) were targeted in our study to search for geochemical differences resulting from water-rock interaction, oxygen fugacity, and possible late alteration processes. Figure S -7 shows chondrite-normalised REE results for all 58 Jack Hills zircons. Some of the data are referred to Bell and Harrison (2013) , Bell et al. (2014) , and Bell et al. (2016) . All zircons show the low LREE/HREE, positive Ce anomalies, and negative Eu anomalies consistent to most terrestrial zircons. All REE patterns are plotted into the zone of primary zircon defined in Bell et al. (2016) .
Oxygen Isotope Compositions
Figure S-8 shows δ 18 O results for Jack Hills zircon samples in this study. In general, the δ 18 O distribution in our measurement is consistent with the prevailing population at the corresponding time periods (Trail et al., 2007; Cavosie et al., 2005; Bell et al., 2016) . The average δ 18 O values of zircons with age ranges of 3.8-3.3 Ga, 3.9-3.8 Ga, and 4.2-3.9 Ga are estimated to be 5.55 ± 0.15 ‰, 5.91 ± 0.48 ‰, and 6.06 ± 0.26 ‰, respectively. • Primary REE patterns (Bell et al., 2016) 
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